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Abstract: Kathrin Daniela Schefer, 2010 Vetsuisse-Fakultät Zürich Departement für Pferde, Sekretariat:
Frau G. Schmid, gschmid@vetclinics.uzh.ch Background: Stress echocardiography is used to diagnose
myocardial dysfunction in horses, but current methods are not well standardized. The influence of heart
rate (HR) on measurements is largely unknown. Objectives: To investigate the use of two-dimensional
echocardiography (2DE), anatomical M-mode (AMM), tissue Doppler imaging (TDI), and 2D speckle
tracking (2DST) at rest and after exercise for quantification of regional and global left- ventricular (LV)
function. Animals: Five athletic Warmblood horses; 11.6±3.6 years; 529±48 kg. Methods: Prospec-
tive study. Three separate echocardiographic examinations were performed before and over 5 min after
treadmill exercise using 2DE and pulsed-wave TDI. Offline analyses were performed at baseline and after
exercise at HR 120, 110, 100, 90, 80 min-1. Results: Quantitative analyses of stress echocardiograms
were feasible in all horses. None of the AMM indices changed significantly after exercise. Stroke volume
and ejection fraction by 2DE and strain by 2DST decreased, whereas strain rate by 2DST increased
significantly at HR >100min-1. TDI analyses were technically difficult and provided little information.
Conclusions: Volumetric indices by 2DE and strain and strain rate by 2DST are applicable for quantita-
tive assessment of stress echocardiograms. In healthy horses, they are significantly altered at a HR >100
min-1 and need to be evaluated in view of the instantaneous HR. Further investigations are needed to
define the clinical value of stress echocardiography in horses with cardiac disease. Quantitative Analyse
von Stressechokardiogrammen bei gesunden Pferden mittels zweidimensionaler (2D) Echokardiographie,
Anatomical M-Mode, Tissue Doppler Imaging und 2D Speckle Tracking Hintergrund: Stressechokar-
diographie wird beim Pferd zur Diagnose belastungsinduzierter Myokarddysfunktionen verwendet. Die
klinische Relevanz, die Zuverlässigkeit und der Einfluss der Herzfrequenz (HF) sind aber weitgehend un-
bekannt. Ziel: Die Anwendung von zwei-dimensionaler Echokardiographie (2DE), anatomical M-Mode
(AMM), Tissue Doppler Imaging (TDI) und 2D Speckle Tracking (2DST) in Ruhe und nach Belastung,
um die regionale und globale linksventrikuläre (LV) Funktion quantitativ zu beurteilen. Tiere: Fünf
trainierte Warmblutpferde; 11.6±3.6 Jahre alt; 529±48 kg. Methoden: Prospektive Studie. Die Pferde
wurden 3 Untersuchungen mittels 2DE und TDI vor und während 5 min nach Laufbandbelastung unter-
zogen. Die Messungen erfolgten offline und wurden in Ruhe und nach Belastung bei HF 120, 110, 100, 90,
80 min-1 erhoben. Resultate: Quantitative Analysen waren bei allen Pferden durchführbar. Schlagvol-
umen und Ejection Fraction mittels 2DE und Strain mittels 2DST waren signifikant reduziert, während
Strain Rate mittels 2DST signifikant erhöht war bei HF >100 min-1. TDI-Analysen waren unzuverläs-
sig. Schlussfolgerungen: 2DE-basierte volumetrische Indizes und 2DST-basierter Strain und Strain Rate
sind für eine quantitative Analyse von Stressechokardiogrammen beim Pferd anwendbar. Beim gesunden
Pferd sind diese Indizes bei einer HF >100min-1 signifikant verändert. Weitere Untersuchungen sind
nötig, um die klinische Relevanz der Stressechokardiographie beim herzkranken Pferd abzuschätzen.
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diography, anatomical M-mode, tissue Doppler imaging, and two-dimensional speckle tracking
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Quanti tat ive Analysis of Stress Echocardiograms in Healthy Horses
with 2-Dimensional (2D) Echocardiography, Anatomical M-Mode,
Tissue Doppler Imaging, and 2D Speckle Tracking
K.D. Schefer, C. Bitschnau, M.A. Weishaupt, and C.C. Schwarzwald
Background: Stress echocardiography is used to diagnose myocardial dysfunction in horses, but current methods are not
well standardized. The inﬂuence of heart rate (HR) on measurements is largely unknown.
Objectives: To investigate the use of 2-dimensional echocardiography (2DE), anatomical M-mode (AMM), tissue Doppler
imaging (TDI), and 2D speckle tracking (2DST) at rest and after exercise for quantiﬁcation of regional and global left-ventricular
(LV) function.
Animals: Five athletic Warmblood horses; 11.6  3.6 years; 529  48 kg.
Methods: Prospective study. Three separate echocardiographic examinations were performed before (baseline) and over 5
minutes after treadmill exercise with 2DE (1st, short-axis view; 2nd, long-axis view) and pulsed-wave TDI (3rd examination).
Ofﬂine analyses were performed at baseline and after exercise at HR 120, 110, 100, 90, and 80minute1. Global and segmental
measurements were compared by analysis of variance.
Results: Quantitative analyses of stress echocardiograms were feasible in all horses. None of the AMM indices changed
signiﬁcantly after exercise. Stroke volume and ejection fraction by 2DE and strain by 2DST decreased, whereas strain rate by
2DST increased signiﬁcantly at HR 4 100minute1. TDI analyses were technically difﬁcult and provided little additional
information.
Conclusions and Clinical Importance: Volumetric indices by 2DE and strain and strain rate by 2DST are applicable for
quantitative assessment of stress echocardiograms. In healthy horses, they are signiﬁcantly altered at a HR4 100minute1 and
need to be evaluated in view of the instantaneous HR. Further investigations are needed to deﬁne the clinical value of stress
echocardiography in horses with cardiac disease.
Key words: Cardiology; Performance evaluation; Treadmill stress testing.
Heart disease is recognized as a potential cause of ex-ercise intolerance and poor performance in athletic
horses.1 The diagnosis of performance-limiting heart dis-
ease is complicated by the high prevalence of heart
murmurs and of valvular regurgitation detected by color
Doppler echocardiography in apparently healthy
horses.2,3 Furthermore, myocardial disease can exist in
the absence of murmurs or dysrhythmias and might
therefore be underrecognized.4,5 Despite recent advances
in cardiovascular diagnostics, it is often difﬁcult to prove
an etiologic relationship between echocardiographic
ﬁndings and impaired athletic performance unless severe
valvular regurgitation, signiﬁcant chamber enlargement,
obvious myocardial dysfunction, or marked cardiac
dysrhythmia can be diagnosed.
Stress echocardiography has gained interest in equine
medicine, with the goal to diagnose stress-induced myo-
cardial dysfunction.4,6–12 However, the incidence of
exercise-induced myocardial ischemia is largely unknown
in horses, the target diseases to be detected are not well
deﬁned, and the indications for stress echocardiography
and its clinical value in horses are still unresolved. Fur-
Abbreviations:
2D 2-dimensional
2DE 2-dimensional echocardiography
2DST 2-dimensional speckle tracking
Am late-diastolic radial wall motion velocity
AMM anatomical M-mode
CO cardiac output
cTDI color tissue Doppler imaging
DLsys longitudinal peak systolic displacement
DRsys radial peak systolic displacement
E1 isovolumic relaxation velocity
EF ejection fraction
Em early-diastolic radial wall motion velocity
EMS electromechanical systole
ET ejection time
eL longitudinal peak strain
eR radial peak strain
FAC fractional area change
FC fractional change
FS fractional shortening
HR heart rate
IMP index of myocardial performance (Tei index)
IVCT isovolumic contraction time
IVRT isovolumic relaxation time
IVS interventricular septum
IVSd interventricular septal thickness at end-diastole
IVSs interventricular septal thickness at peak systole
LAX long axis
LV left ventricle or left-ventricular
LVEAd left-ventricular external area at end-diastole
LVEAs left-ventricular external area at peak systole
LVFW left-ventricular free wall
LVFWd left-ventricular free wall at end-diastole
LVFWs left-ventricular free wall at peak systole
LVIAd left-ventricular internal area at end-diastole
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thermore, there is a paucity of standardized and objective
methods for assessment of left-ventricular (LV) function
after stress induction in horses.
Quantitative assessment of global LV function after
exercise is currently limited to measurement of chamber
dimensions and calculation of ejection phase indices de-
rived from 2-dimensional (2D) or M-mode images.
However, the current literature is inconsistent in regards
to the time course of commonly used measurements after
treadmill exercise,4,6,9,11 suggesting that many of them
might not be suitable for quantitative assessment of
stress echocardiographic studies. Assessment of regional
myocardial function is even more difﬁcult. It has been
achieved by manual tracking of endocardial motion and
subjective evaluation of regional wall motion.4,12,13
However, truly quantitative approaches have not been
established in horses.
Finally, the inﬂuence of heart rate (HR) on echocar-
diographic indices of cardiac function has not been
thoroughly investigated to date,4,6,9,11 although it is gen-
erally recommended to perform stress echocardiography
in horses immediately after cessation of treadmill exer-
cise, at an HR above 100minute1.4
Advanced echocardiographic techniques might serve
to overcome some of the current limitations of equine
stress echocardiography. Anatomical M-mode (AMM)a
allows ofﬂine analysis of conventional 2D cineloop re-
cordings, reducing the time required for data
collection.14,15Area-based measurements allow assess-
ment of shortening in two dimensions and are less
sensitive to asynchronous wall motion,16,17 while vol-
ume-based indices are generally considered most
accurate and least affected by altered chamber geome-
try.16–19 Tissue Doppler imaging (TDI) has recently been
used to study left atrial and LV wall motion in resting
horses20–23 and might serve to quantify LV systolic and
diastolic function and to detect occult myocardial dis-
ease.24–29 Finally, 2D speckle tracking (2DST) allows
quantitative assessment of regional and global systolic
LV wall motion in longitudinal and radial direction
based on conventional 2DE cineloop recordings.24,30–32
The goal of this study was to investigate the changes
over time of echocardiographic indices of LV systolic
function within the 1st 5 minutes after cessation of a
standardized treadmill exercise test in athletic horses us-
ing 2DE, AMM, TDI, and 2DST. The inﬂuence of HR
on indices of LV function was investigated, to determine
the potential clinical value of each index and to identify a
HR limit above which stress echocardiography should be
performed. We hypothesized that the indices of LV func-
tion largely depend on HR and are highly variable within
the ﬁrst 5 minutes after treadmill exercise.
Material and Methods
Study Population
Five adult 3-day event horses (all Warmbloods; 2 mares, 3 geld-
ings) in athletic condition, aged 11.6  3.6 years (mean  SD) and
with a body weight of 529  48 kg, were studied prospectively. All
horses were considered healthy based upon physical examination,
CBC, plasma ﬁbrinogen concentration, serum biochemistry proﬁle,
and routine transthoracic echocardiography. None of the horses re-
ceived medications during the 2 weeks preceding entry into the
study. The horses were accustomed to the treadmill over a 2-day
period with at least 4 training sessions lasting 30–40 minutes each.
The study was approved by the district veterinary ofﬁce of the can-
ton Zurich.
Study Design
Each horse underwent 3 standardized multistep exercise tests on
a high-speed treadmillb within 69  29 days. Stress echocardio-
graphic recordings were obtained on each of the 3 occasions.
Exercise Test
The horses underwent a submaximal incremental exercise test on
a 6% inclined treadmill. Before starting the exercise test, the horses
were warmed up for approximately 30 minutes at all 3 gaits. The
exercise test consisted of 1–2 steps at trot (3.5 or 4.0m/s) and 4–5
steps at canter and gallop (6.0–10.0m/s) depending on the perfor-
mance capacity of the horse. Speed increments were 1m/s. The 1st
step lasted 2 minutes and the subsequent steps 90 seconds. The
horses were not run to fatigue. The exercise test was terminated
LVIAs left-ventricular internal area at peak systole
LVIDd left-ventricular internal diameter at end-diastole
LVIDs left-ventricular internal diameter at peak systole
LVIVd left-ventricular internal volume at end-diastole
LVIVs left-ventricular internal volume at peak systole
LVMA FC fractional change in left-ventricular myocardial area
LVMAd left-ventricular myocardial area at end-diastole
LVMAs left-ventricular myocardial area at peak systole
MRI magnetic resonance imaging
MV mitral valve
MWTA FC fractional change in mean wall thickness
MWTAd mean wall thickness at end-diastole (calculated from
2D SAX area measurements)
MWTAs mean wall thickness at peak systole (calculated from
2D SAX area measurements)
MWTd mean wall thickness at end-diastole (calculated from
AMMmeasurements)
MWTs mean wall thickness at peak systole (calculated from
AMMmeasurements)
PEP pre-ejection period
PW TDI pulsed-wave tissue Doppler imaging
ROI region of interest
RWTAd relative wall thickness at end-diastole (calculated from
2D SAX area measurements)
RWTd relative wall thickness at end-diastole (calculated from
AMMmeasurements)
S1 isovolumic contraction velocity
SAX short axis
Sm systolic radial wall motion velocity during ejection
SRLsys longitudinal peak systolic strain rate
SRRsys radial peak systolic strain rate
STIeR synchrony time index
SV stroke volume
SVA subjective visual assessment
tAVCa time of aortic valve closure (automatically determined)
TDI tissue Doppler imaging
teL time to longitudinal peak strain
teR time to radial peak strain
919Quantitative Equine Stress Echocardiography
when horses reached a speed at which the blood lactate concentra-
tion was44mmol/L. The time from peak exercise to complete stop
of the treadmill was 30 seconds. The treadmill was then stopped for
5 minutes of passive recovery and recording of the echocardio-
graphic images. Thereafter, the horses walked for active cool-down.
Echocardiography
Transthoracic echocardiography was performed with a high-end
digital echocardiographc with a phased-array transducerd at a fre-
quency of 1.7/3.6MHz (octave harmomics). A single-lead base-apex
ECG was recorded simultaneously for timing. All echocardiographic
recordings were performed by the same operator (C.C.S.)
according to a standard protocol. During each of the 3 occasions,
stress-echocardiographic recordings were obtained in a single imag-
ing plane. The 1st examination consisted of 2DE recordings in a
right parasternal short-axis (SAX) view at the level of the chordae
tendineae. The 2nd examination consisted of 2DE recordings in a
right parasternal 4-chamber long-axis (LAX) view. For all 2DE re-
cordings, the imaging depth was 28 cm and the sector width was
reduced 1 step from its maximum width, to achieve a frame rate of
53.9 frames/s in 2DE mode. The 3rd examination consisted of
pulsed-wave TDI (PW TDI) recordings of the LV free wall (LVFW)
in a right parasternal SAX view at the level of the chordae tend-
ineae. A sample width of 5.9mm was used. The sample was placed
on the LVFW, so that it covered the subendocardial region during
diastole and stayed on the myocardium during the entire cardiac
cycle. The velocity scale was set to 50 to 150 cm/s. The simulta-
neous 2D image was frozen during the PW TDI recordings.
Echocardiographic recordings were conducted immediately before
(baseline) and continuously over 5 minutes after the exercise test
with the horse standing still on the treadmill, being restrained by an
experienced handler. The echocardiographic recordings were stored
as cine-loops (2DE) or as still images (PW TDI) in digital raw-data
format for subsequent ofﬂine analyses.
Data Analysis
Data analysis was performed ofﬂine, in random order, and with
the observer (K.D.S.) blinded to signalment and previous measure-
ments, using a dedicated software package.a Measurements were
performed on prestress recordings (baseline) and on poststress re-
cordings at predetermined target HR of 120minute1 (range 115–
124minute1; HR120), 110minute
1 (range 105–114minute1;
HR110), 100minute
1 (range 95–104minute1; HR100), 90minute
1
(range 85–94minute1; HR90), and 80minute
1 (range 75–84min-
ute1; HR80). Three nonconsecutive cardiac cycles were analyzed
for each variable and at each target HR, and the average of the 3
measurements was used for further analyses.
Standard LV measurements were performed on the right para-
sternal SAX recordings by AMM techniques.b The following vari-
ables were measured: the interventricular septal thickness (IVSd,
IVSs), the LV internal diameter (LVIDd, LVIDs), and the LV free
wall thickness (LVFWd, LVFWs) by the ‘‘trailing-inner inner-lead-
ing edge’’ method. End-diastolic measurements (d) were performed
at the peak of the electrocardiographic R wave, because the onset of
the R wave was not always clearly discernible. Systolic measure-
ments (s) were taken at peak systole, at the time of maximum
excursion of IVS and LVFW, respectively. The relative wall thick-
ness at end-diastole (RWTd) was calculated as RWTd 5 (IVSd 1
LVFWd) / LVIDd. The mean wall thickness at end-diastole
(MWTd) and at peak systole (MWTs) was calculated as MWTd 5
(IVSd 1 LVFWd) / 2 and MWTs 5 (IVSs 1 LVFWs) / 2, respec-
tively. The LV fractional shortening (FS) was calculated as an index
of LV systolic function by the following equation: FS (%) 5
(LVIDd  LVIDs) / LVIDd  100.
LV area measurements were performed on the right parasternal
SAX recordings. The internal LV area (LVIAd, LVIAs) and the ex-
ternal LV area (LVEAd, LVEAs) were measured at end-diastole (d)
and at peak systole (s) by tracing the internal and the external bor-
der of the myocardium. The duration of the electromechanical
systole (EMS) was measured as the time interval from the electro-
cardiographic peak R wave to the time of peak systole, deﬁned as
the time of maximum excursion of IVS and LVFW. The LV myo-
cardial area at end-diastole (LVMAd) and at peak systole (LVMAs)
was calculated as LVMAd 5 LVEAd  LVIAd and LVMAs 5
LVEAs  LVIAs, respectively. The mean wall thickness at end-
diastole (MWTAd) and at peak systole (MWTAs) was calculated as
MWTAd 5
p
(LVEAd / p)  p(LVIAd / p) and MWTAs 5p
(LVEAs / p)  p(LVIAs / p), respectively. The relative wall
thickness at end-diastole (RWTAd) was calculated as RWTAd 5
[
p
(LVEAd / p)  p(LVIAd / p)] / p(LVIAd / p).
Indices of LV systolic function were calculated from the area-
based measurements: The LV fractional area change [LV FAC (%)
5 (LVIAd  LVIAs) / LVIAd  100], a surrogate of LV ejection
fraction (EF); the fractional change (FC) in mean wall thickness
[MWTA FC (%)5 (MWTAs MWTAd) / MWTAd 100] and the
FC in LV myocardial area [LVMA FC 5 (LVMAs  LVMAd) /
LVMAd], 2 indices of myocardial deformation (ie, myocardial
strain); and the MWTA FC/EMS ratio and the LVMA FC/EMS
ratio, 2 indices reﬂecting the rate of myocardial deformation (ie,
myocardial strain rate).
Left-ventricular internal volume at end-diastole (LVIVd) and LV
internal volume at peak systole (LVIVs) were calculated based on
LAX recordings by the single-plane Simpson’s method.19 The HR
of each measured cycle was calculated based on the RR interval
(HR 5 60,000 / RR). The stroke volume [SV 5 LVIVd  LVIVs],
the LV EF [EF (%) 5 (LVIVd  LVIVs) / LVIVd  100], and the
cardiac output [CO 5 SV  HR] were calculated as indices of LV
systolic function.
The 2DST analyses were performed by the 2D strain module of
the analysis softwarea as described elsewhere.32 The measurements
were obtained from the same cycles as used for 2DE and AMM
analyses. The SAX 2DE recordings were analyzed using the
‘‘SAX-MV’’ option and the LAX 2DE recordings were analyzed
using the ‘‘4CH’’ option of the 2D strain module. The region of in-
terest (ROI) was determined by tracing the endocardial border of
the LV at end-systole. For SAX recordings, tracing was started at
midseptum and proceeded in a clockwise direction. For LAX re-
cordings, tracing started at the septal mitral valve (MV) annulus
and ended at the lateral MV annulus. The papillary muscles were
not included in the LAX tracings. The ROI width was adjusted so
that the entire myocardial thickness was covered throughout the
cardiac cycle. Six myocardial segments were automatically deter-
mined by the software based on regional wall motion analysis
standards applied to human patients and were not adjusted for use
in the horse (details regarding the position of the different segments
are described elsewhere32). The quality of systolic tracking was vi-
sually assessed by the operator. Thereby, the cycle was replayed in
slow-motion and accurate tracking (in particular tracking of the
endocardial border) was assessed. If necessary, the line tracing of
the endocardium was adjusted and the speckle tracking analysis was
repeated until adequate tracking was conﬁrmed by the software. If
adequate tracking was not possible despite repeated adjustments of
the ROI, another cardiac cycle was chosen for analysis. If adequate
tracking was not possible in any cardiac cycle of the target HR, the
inadequately tracked segment was excluded from further analysis.
Six curve proﬁles were obtained in each view, corresponding to the
average of each of the 6 myocardial segments. The time from the
beginning of the cycle (electrocardiographic R wave) to aortic valve
closure (tAVCa) was automatically determined and displayed by the
software. The measurements for strain (%), strain rate (1/s), and
displacement (mm) were performed on the ‘‘Results’’ screen of the
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2D Strain software module, using the default settings for spacial
smoothing, temporal smoothing, and drift-compensation. Auto-
mated detection of the peak values was veriﬁed on the graphical
display and manually corrected by the observer as necessary. The
indices measured in this study were chosen based upon the results of
a previous investigation on the use of 2DST in horses.32 In SAX re-
cordings, the following indices of LV function were measured:
Radial peak strain (peak independent of aortic valve closure; eR),
time from beginning of the cardiac cycle to eR (teR), radial peak
systolic strain rate (SRRsys), and radial peak systolic displacement
(DRsys) (Fig 1A–F). In LAX recordings, the following indices of
LV function were measured: Longitudinal peak strain (peak inde-
pendent of aortic valve closure; eL), time from beginning of the
cardiac cycle to eL (teL), longitudinal peak systolic strain rate
(SRLsys), and longitudinal peak systolic displacement (DLsys)
(Fig 2A–F). The tAVCa and the electrocardiographic RR interval
were measured for each cycle. The corresponding instantaneous HR
was calculated as 60,000 / RR interval.
Evaluation of myocardial synchrony was achieved by subjective
visual assessment (SVA) of the trace display (ie, subjective assess-
ment of the parallel course of the segmental traces) and by
calculating the synchrony time index (STIeR), deﬁned as the differ-
ence in teR from the earliest to the latest segment.
32 In addition to
SVA, cut-off values (STIeR higher than the 75, 90, and 95% percen-
tile, respectively, of all measured STIeR at the target HR) were also
used to deﬁne dyssynchrony.
Finally, the motion of each segment was classiﬁed as normoki-
netic (segmental peak strain between 65 and 135% of the median
peak strain of all 6 segments), hypokinetic (segmental peak strain
o65% of the median), dyskinetic (segmental peak strain in opposite
direction to the majority of segments, ie, negative eR or positive eL),
or akinetic (segmental peak straino5% of the median).33
Fig 1. Two-dimensional speckle tracking (2DST) analyses of the left ventricle in short-axis recordings. Trace screens of the 2DST software
are shown, displaying the following information: Top left, 2D image with the segmented region of interest (ROI) and parametric color coding
at the time of aortic valve closure. Bottom left, M-mode with parametric color coding. Right, Trace display for the selected index. The hor-
izontal axis represents the time in ms, the vertical axis represents the selected index. Notice that the scale of the vertical axis is the same in the
trace displays of baseline recordings (A–C) as in the trace displays of the corresponding postexercise recordings (D–F). The colors of the trace
correspond to the colors of the segmented ROI. The dotted line (where shown) indicates the instantaneous average of all segments at the
respective time of the cardiac cycle. An ECG is superimposed for timing. The start and the end of the cycle (R waves) are marked on the ECG
with yellow dots. The tAVCa is indicated by a green vertical line, dividing the cycle in its systolic and diastolic components. (A) Radial strain at
baseline. (B) Radial strain rate at baseline. (C) Radial displacement at baseline. (D) Radial strain at HR120. (E) Radial strain rate at HR120. (F)
Radial displacement at HR120. eR, radial peak strain; SRRsys, radial peak systolic strain rate; DRsys, radial peak systolic displacement.
Fig 2. Two-dimensional speckle tracking (2DST) analyses of the left ventricle in long-axis recordings. Trace screens of the 2DST software are
shown (for details see Fig 1). (A) Longitudinal strain at baseline. (B) Longitudinal strain rate at baseline. (C) Longitudinal displacement at
baseline. (D) Longitudinal strain at HR120. (E) Longitudinal strain rate at HR120. (F) Longitudinal displacement at HR120; eL, longitudinal
peak strain; SRLsys, longitudinal peak systolic strain rate; DLsys, longitudinal peak systolic displacement.
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Pulsed-wave TDI measurements and calculations were performed
as described previously.23 The following variables were measured to
assess LV systolic function: Isovolumic contraction velocity (S1),
ejection velocity (Sm), pre-ejection period (PEP), isovolumic con-
traction time (IVCT), ejection time (ET), PEP-to-ET ratio (PEP/
ET), and IVCT-to-ET ratio (IVCT/ET). For assessment of LV dia-
stolic function, the following variables were measured: Isovolumic
relaxation velocity (E1), early-diastolic velocity (Em), late-diastolic
radial wall motion velocity (Am), isovolumic relaxation time (IVRT),
and Em-to-Am ratio (Em/Am). The index of myocardial performance
(IMP, Tei index) was calculated as IMP 5 (IVCT 1 IVRT) / ET.
For some of the PWTDI variables, triplicate measurements were not
possible because of inability to clearly identify the respective velocity
waves on the available recordings. The affected data points were re-
ported as missing. No statistical analyses were performed for Em,
Am, and the derived indices because of the fusion of Em and Am at
higher HR and the large number of missing values. When the Em
velocity exceeded the lower limit of the velocity scale (50 cm/s), a
value of 50 cm/s was set and used for further calculations.
Statistics
All statistical and graphical analyses were performed with stan-
dard computer software.e,f,g Graphical presentation of the
summarized data were achieved using box-and-whisker diagrams,
with the line near the middle of the box indicating the median, the top
and the bottom of the box indicating the upper and lower quartile,
and the whiskers indicating the smallest and largest observations, re-
spectively. For indices of LV dimensions and indices of global LV
function, 1-way repeated-measures analysis of variance (ANOVA)
was used to compare baseline and postexercise measurements. For
2DST indices of segmental LV function, 2-way repeated-measures
ANOVA was used to detect differences between segments and HR
(ie, between baseline and postexercise measurements). When the F-
test indicated signiﬁcant differences, all pairwise multiple compari-
sons were performed by the Holm-Sidak posthoc test. Valitity of the
normality assumption was conﬁrmed by assessment of normal prob-
ability plots of the residuals. The level of signiﬁcance was P5 .05.
Results
Feasibility and Quality of Recordings
Echocardiographic analyses were feasible in all 5
horses and during all 3 runs. In 4 horses, the HR dropped
below 100minute1 within 128  32 seconds (1st run 132
 28 seconds, 2nd run 116  20 seconds, 3rd run 132 
53 seconds) after stopping the treadmill. In 1 horse, the
HR dropped below 95minute1 within 25  8 seconds
(1st run 15 seconds, 2nd and 3rd run 30 seconds); there-
fore, no recordings were available for this horse at
HR120, HR110, and HR100 (2D LAX and PW TDI only).
In another horse, no PW TDI recordings were available
at HR80 because the HR had not dropped below 85
minute1 within 5 minutes after cessation of exercise.
2D and AMM Indices of LV Dimensions and
Systolic LV Function
The results are summarized in Tables 1 and 2. The
LVIVs was signiﬁcantly increased during all postexercise
Table 1. Indices of left-ventricular dimensions measured using AMM and 2DE.
Variables Units Baseline HR120 HR110 HR100 HR90 HR80
P value
(F-test)
AMM (n5 5) (n5 4) (n 5 4) (n5 5) (n5 5) (n5 5)
Measured HR min1 36  12 118  1 108  2 99  2 90  1 80  2 —
IVSd cm 3.2  0.2 3.3  0.5 3.4  0.2 3.4  0.2 3.3  0.2 3.3  0.2 .715
IVSs cm 4.9  0.2 4.8  0.2 4.9  0.1 5.2  0.3 4.9  0.2 5.0  0.4 .143
LVIDd cm 11.7  1.0 10.7  1.0 11.0  0.8 11.1  0.8 11.2  0.9 11.1  0.8 .060
LVIDs cm 7.0  1.1 6.3  0.7 6.5  0.6 6.5  0.7 6.8  0.8 6.9  0.9 .179
LVFWd cm 2.6  0.5 2.4  0.3 2.3  0.2 2.3  0.3 2.4  0.2 2.4  0.2 .125
LVFWs cm 4.5  0.5 4.6  0.1 4.4  0.2 4.5  0.2 4.3  0.3 4.2  0.4 .034a
MWTd cm 2.9  0.3 2.8  0.1 2.8  0.1 2.8  0.1 2.8  0.2 2.8  0.1 .850
MWTs cm 4.7  0.3 4.7  0.1 4.6  0.1 4.8  0.2 4.6  0.2 4.6  0.3 .140
RWTd — 0.50  0.06 0.53  0.04 0.52  0.04 0.51  0.04 0.51  0.03 0.51  0.03 .453
2D SAX (n5 5) (n5 4) (n 5 4) (n5 5) (n5 5) (n5 5)
Measured HR min1 36  12 118  1 108  2 99  2 90  1 80  2 —
LVIAd cm2 101.8  17.8 89.3  21.1 90.6  17.2 90.2  16.4 91.9  12.8 91.8  11.6 .169
LVIAs cm2 32.8  10.6 31.5  9.7 33.2  7.4 33.8  6.4 34.9  6.2 37.3  10.0 .610
LVMAd cm2 107.2  8.9 103.5  13.3 101.6  4.1 107.9  4.1 105.1  9.1 103.7  7.9 .933
LVMAs cm2 148.3  6.5 143.0  11.0 140.1  7.4 145.2  5.9 145.7  9.0 145.0  6.8 .810
MWTAd cm 2.5  0.1 2.5  0.2 2.5  0.2 2.6  0.2 2.5  0.1 2.5  0.1 .732
MWTAs cm 4.4  0.2 4.3  0.2 4.2  0.3 4.3  0.2 4.2  0.2 4.2  0.3 .395
RWTAd — 0.44  0.05 0.48  0.06 0.47  0.09 0.49  0.09 0.47  0.04 0.46  0.03 .207
2D LAX (n5 5) (n5 4) (n 5 4) (n5 4) (n5 5) (n5 5)
Measured HR min1 35  4 119  2 110  2 99  1 88  1 79  2 —
LVIVd cm3 1,287.6  229.3 1,127.9  84.2 1,132.5  190.9 1,204.4  212.4 1,338.2  272.8 1,354.6  218.0 .057
LVIVs cm3 336.6  87.3 429.8  122.9B 394.4  122.0B 431.8  131.4B 460.7  124.6B 445.1  116.6B o .001
Measurements are reported as mean  SD.
B Signiﬁcantly different from baseline (Holm-Sidak posthoc test).
aVariable for which the F-test indicated signiﬁcant differences between groups that could not be substantiated by posthoc testing for mul-
tiple comparisons.
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periods compared with baseline. The LVIVd and the
LVIDd showed a slight, but statistically not signiﬁcant
decrease postexercise. None of the other indices of LV
dimensions changed signiﬁcantly after exercise compared
with baseline. Among the indices of LV systolic function,
MWTA FC/EMS and LVMA FC/EMS increased signiﬁ-
cantly, whereas SV and EF decreased signiﬁcantly
postexercise compared with baseline. Despite the de-
crease in SV, CO increased signiﬁcantly at higher
HR postexercise. The LV FAC was signiﬁcantly de-
creased at HR80 only, and FS did not change signiﬁ-
cantly postexercise.
2D Speckle Tracking
Generally, when systolic 2DST was approved by the
software, it also appeared accurate when assessed visu-
ally by the operator. In rare cases, the endocardial border
was not tracked accurately during the last 1 or 2 frames
of systole. This was observed in 4 different segments in 4
cardiac cycles of 3 horses in SAX. The basal lateral seg-
ment was affected in 5 cycles of the same 3 horses in
LAX. Hence, 9 out of a total of 162 analyzed cycles
(5.6%) were affected. Because tracking in the affected
segments appeared sufﬁcient during the remainder of the
cycle and because the software approved the tracking
quality, these segments and cycles were not precluded
from analyses.
2DST Indices of Systolic LV Function Obtained from
SAX Recordings (Fig 1A–F)
Of the 15 cardiac cycles available from the recordings
obtained at rest, all were analyzable by 2DST, and all
segments were judged as normokinetic. Out of the 69
available cardiac cycles that were obtained after exercise,
all segments were analyzable by 2DST. Three segments
in 2 horses were judged as hypokinetic, but none of the
segments was consistently judged hypokinetic on all 3 re-
cordings (Table 3). No segment showed akinesia or
dyskinesia. Based on SVA of the trace displays, 6 out of
84 recordings were judged dyssynchronous, affecting 3
horses (Table 4). None of the horses showed dyssynchro-
ny by SVA at baseline and none of the horses showed
consistent dyssynchrony by SVA on all 3 recordings at
any time point. When using the percentiles of the mea-
sured STIeR as cut-off values, between 0 (cut-off set at
the 95% percentile) and 17 recordings (cut-off set at the
75% percentile) were judged as dyssynchronous, affect-
ing maximally 4 horses. The results of the quantitative
2DST analysis obtained from SAX recordings are sum-
marized in Figure 3. Comparison between segments did
not reveal signiﬁcant differences for any of the 2DST in-
dices. Comparison between baseline and postexercise
periods showed signiﬁcant differences: eR, teR, and
DRsys were signiﬁcantly decreased at all postexercise
periods compared with baseline. SRRsys was signiﬁ-
cantly increased compared with baseline at HR120,
HR110, and HR100.
2DST Indices of Systolic LV Function Obtained from
LAX Recordings (Fig 2A–F)
From the 78 cardiac cycles available for analyses, 14
out of 468 segments had to be excluded because of inad-
equate tracking (Table 3). On the 15 cardiac cycles
analyzed at rest, 2 segments were judged as hypokinetic
in 2 horses. On the 63 cardiac cycles analyzed after exer-
Table 2. Indices of left-ventricular systolic function measured using AMM and 2DE.
Variables Units Baseline HR120 HR110 HR100 HR90 HR80
P value
(F-test)
AMM (n5 5) (n5 4) (n5 4) (n5 5) (n5 5) (n5 5)
Measured HR min1 36  12 118  1 108  2 99  2 90  1 80  2 —
FS % 40.7  4.3 41.3  1.4 40.6  2.5 42.1  2.3 39.8  4.1 38.7  3.6 .365
2D SAX (n5 5) (n5 4) (n5 4) (n5 5) (n5 5) (n5 5)
Measured HR min1 36  12 118  1 108  2 99  2 90  1 80  2 —
EMS ms 519  32 314  20B,80,90 346  23B,80 343  32B,80,90 377  31B 402  31B o .001
LV FAC % 68.5  6.2 65.1  2.7 63.4  1.6 62.5  2.2 62.1  2.7 59.9  6.2B .025
MWTA FC % 79.8  10.3 68.4  3.7 73.5  7.0 67.3  7.5 68.0  3.4 66.5  7.9 .027a
MWTA FC/EMS s
1 1.53  0.20 2.18  0.19B,80,90 2.13  0.20B,80 1.96  0.13B,80 1.81  0.13 1.66  0.18 o .001
LVMA FC % 40.7  6.8 31.7  4.4 40.9  8.1 36.4  7.4 37.5  5.4 38.9  6.7 .162
LVMA FC/EMS s1 0.79  0.13 1.00  0.09 1.18  0.24B 1.06  0.17 1.00  0.16 0.97  0.15 .016
2D LAX (n5 5) (n5 4) (n5 4) (n5 4) (n5 5) (n5 5)
Measured HR min1 35  4 119  2 110  2 99  1 88  1 79  2 —
SV mL 951  159 698  109B,80 738  107B 774  100 877  170 910  115 .005
CO L min1 32.9  3.2 82.9  13.5B 81.0  11.2B 76.2  10.0B 77.4  14.2B 71.9  7.2B o .001
EF % 74.0  3.5 62.3  7.6B 65.6  6.8B 64.7  5.8B 65.7  5.5B 67.6  4.5B o .001
Measurements are reported as mean  SD.
BSigniﬁcantly different from baseline (Holm-Sidak posthoc test).
80Signiﬁcantly different from HR 80 (Holm-Sidak posthoc test).
90 Signiﬁcantly different from HR 90 (Holm-Sidak posthoc test).
aVariable for which the F-test indicated signiﬁcant differences between groups that could not be substantiated by posthoc testing for mul-
tiple comparisons.
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cise, 18 segments were judged as hypokinetic. All 5 horses
were affected, but none of the segments was consistently
judged hypokinetic on all 3 recordings in any of the
horses (Table 3). No segment showed dyskinesia or akin-
esia. The results of the quantitative 2DST analysis
obtained from LAX recordings are summarized in Fig-
ure 4A–D. Shortly, in all segments except bas Sept, eL
was signiﬁcantly decreased at HR120 and HR110 com-
pared with baseline. There were no signiﬁcant differences
within each time period in eL between apical, mid, and
basal segments, except for the basal segments at HR90
and HR80; no distinct gradient from base to apex could
be demonstrated. In all segments, SRLsys was signiﬁ-
cantly increased at all postexercise periods compared
with baseline. A small but signiﬁcant difference in
SRLsys was seen between the apical segments, whereas
no signiﬁcant differences were seen between mid seg-
ments and basal segments. In all except the apical
segments, DLsys was signiﬁcantly decreased at HR120,
HR110, HR100, and HR90 compared with baseline. A dis-
tinct basal-to-apical gradient was seen in DLsys. The teL
signiﬁcantly decreased at all postexercise HR compared
with baseline. Peak longitudinal strain occurred signiﬁ-
cantly earlier in the apical segments compared with the
mid septal, basal septal, and basal lateral segments.
PW TDI Indices of LV Function
The results are summarized in Table 5. At baseline, the
LV radial wall motion velocity proﬁle appeared very
consistently in all horses, as described elsewhere,23 and
triplicate measurement was possible for all variables in
all horses. This was in contrast to postexercise record-
ings, where velocity waves were not always clearly
identiﬁable. Only in 1 horse, all waves were identiﬁable
at all HR. Only Sm and Em were identiﬁable in all horses
Table 3. 2DST analysis. Summary of excluded segments and hypokinetic segments.
Segment
Baseline HR120 HR110 HR100 HR90 HR80
Horse 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
SAX
Ant
Sept
H1
Ant H2
Lat
Post
Inf
Sept H1
LAX
Ap Lat H1 E2 E1
Ap Sept E1 E1 E1
Mid Lat H1 H1 H2 H1 H2 H2
Mid Sept H1 H1 H1 H1
Bas Lat H1 H1 H1 H2 H1 E1
Bas Sept E2 E2 E1 E1 E1
H, hypokinetic (segmental peak straino65% of the median peak strain of all 6 segments); E, segment excluded due to inadequate tracking;
1, seen in one recording; 2, seen in two recordings.
Table 4. Synchrony time index and assessment of dyssynchrony based on subjective visual assessment (SVA) and
using different quantitative cut-off values.
STIeR (ms) Baseline HR120 HR110 HR100 HR90 HR80
Minimum 0 0 0 0 18 0
Median 19 0 9 18 19 19
75% perc. 111 32 84 37 37 74
90% perc. 119 142 106 81 82 101
95% perc. 130 148 111 92 93 112
Maximum 130 148 111 92 93 112
Assessment of dyssynchrony
Horse 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
SVA 2 1 2 1
4 75% perc. 1 1 1 2 1 2 2 1 3 1 2
4 90% perc. 1 1 1 1 1 1
4 95% perc.
SVA, segments were judged as dyssynchronous based on subjective visual assessment;475% perc., values greater than the 75% percentile
of all measured STIeR were judged as dyssynchronous;490% perc., values greater than the 90% percentile of all measured STIeR were judged
as dyssynchronous;495% perc., values greater than the 95% percentile of all measured STIeR were judged as dyssynchronous.
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throughout all HR. In all but 1 horse, Am was fused
with Em at HR120 and at HR110. Em and (Em 1 Am),
respectively, exceeded the velocity scale in all horses at
HR120 and HR110, and in all but 1 horse at HR100. Iden-
tiﬁcation of Am was not possible in 37 out of 63
postexercise cardiac cycles (59%). In only 2 horses, S1
and E1 were identiﬁable in all cardiac cycles recorded af-
ter exercise; reliable identiﬁcation was not possible in the
remaining horses for S1 in 17/63 cycles (27%) and for E1
in 14/63 cycles (22%).
Discussion
The results of this study show that quantitative analysis
of stress echocardiograms in horses after high-speed tread-
mill exercise is feasible using 2DE, AMM, and 2DST,
while the application of TDI is technically difﬁcult and in-
accurate. Some of the investigated echocardiographic
indices are able to detect consistent alterations in LV func-
tion after cessation of exercise.
The availability of accurate and reliable methods for
assessment of global and regional cardiac function is cru-
cial to study the clinical value of stress echocardiography
in horses. Currently, routine imaging methods used for
assessment of global LV function rely on 2DE, M-mode,
and ﬂow Doppler methods.16–19,34 Most commonly, ejec-
tion phase indices are calculated from one-dimensional
M-mode measurements of LV dimensions, with the FS
being the only index routinely used in horses.16–18 How-
ever, reliance on the FS as a single index of LV systolic
function is problematic, because it represents the short-
ening of the LV in a single dimension, disregarding the
fact that the LV contracts in all three dimensions. Also, it
lacks accuracy in the presence of ventricular dyssynchro-
ny, regional wall motion abnormalities, or malposition
of the cursor line. It is therefore not surprising that there
is disagreement in the current literature regarding the
time course after treadmill exercise of LV FS and other
conventional 2DE and M-mode indices in horses.4,6,9,11
The results of this study revealed that AMM and—for
most instances—area-based indices of LV dimensions
and LV systolic function are generally not suitable to de-
tect exercise-induced changes in LV function. Among the
area-based indices, only MWTA FC/EMS, reﬂecting
myocardial deformation rate, increased signiﬁcantly in
the immediate postexercise period, mostly because of the
observed shortening of EMS.
Volumetric estimates of LV size and function are con-
sidered more accurate and less affected by altered
chamber geometry than linear indices.35,36 The volumet-
ric LV EF is a standard index of LV systolic function in
humans. It is not commonly used in horses, mostly be-
cause many of the required imaging planes are difﬁcult to
obtain in large animals.16 Furthermore, all volumetric
indices are calculated based on geometrical assumptions
and approximations, limiting their accuracy.16–18 Despite
these restrictions, the results of the current study suggest
that volumetric estimates of LV dimensions and function
obtained from LAX views are superior to linear and
area-based SAX indices in identifying exercise-induced
changes of LV function in healthy horses after treadmill
Fig 3. Results from 2D speckle tracking (2DST) analyses of left-
ventricular short-axis recordings. No signiﬁcant differences where
identiﬁed between segments. Therefore, segmental data are pooled
at each time period for graphical presentation. Signiﬁcant differ-
ences between time points are marked as follows: B, signiﬁcantly
different from Baseline; 80, signiﬁcantly different from HR80; 90,
signiﬁcantly different from HR90; 100, signiﬁcantly different from
HR100; eR, radial peak strain; SRRsys, radial peak systolic strain
rate; DRsys, radial peak systolic displacement; teR, time to radial
peak strain.
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exercise. This can be explained by the large impact
of ventricular length on volumetric LV estimates by
Simpson’s method. The results therefore indicate that
systolic length of the LV increased after exercise (data
not shown), concordant to the decrease of DLsys after
exercise. These ﬁndings support the contention that LAX
Fig 4. Results from 2D speckle tracking (2DST) analyses of left-ventricular long-axis recordings. (A) Longitudinal peak strain (eL). There
was a statistically signiﬁcant interaction between segment and heart rate (HR) (P5 .01). Signiﬁcant differences between HRs within segments
are marked as follows: B, signiﬁcantly different from Baseline; 80, signiﬁcantly different fromHR80; 90, signiﬁcantly different fromHR90; 100,
signiﬁcantly different from HR100. Within each HR, segments marked with the same letter are signiﬁcantly different from each other. (B)
Longitudinal peak systolic strain rate (SRLsys). The difference between segments (Po .001) and the difference between HRs (Po .001) were
statistically signiﬁcant, but there was no signiﬁcant interaction between segment andHR (P5 .301). Segments marked with the same letter are
signiﬁcantly different from each other. Signiﬁcant differences between HRs are listed as described above. (C) Longitudinal peak systolic
displacement (DLsys). There was a statistically signiﬁcant interaction between segment and HR (Po .001). Signiﬁcant differences between
HRs within segments are marked as described above. Within each HR, segments marked with the same letter are not signiﬁcantly different
from each other. (D) Time to longitudinal peak strain (teL). The difference between segments (Po .001) and the difference between HRs (Po
.001) were statistically signiﬁcant, but there was no signiﬁcant interaction between segment and HR (P 5 .161). Segments marked with the
same letter are signiﬁcantly different from each other. Signiﬁcant differences between HRs are listed as described above.
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motion of the LV is an important component of LV
function37 that undergoes dynamic changes during and
after exercise, while adaptations in radial (SAX) motion
only play a minor role.
The LVIVs increased and the SV and EF decreased
signiﬁcantly after exercise compared with baseline,
whereas the CO, because of the high HR, increased sig-
niﬁcantly. Although these ﬁndings seem counterintuitive,
they were similar to the results of a study in ponies, in
which systolic shortening measured by ultrasonic crystals
increased during exercise but was signiﬁcantly reduced
after exercise.38 The slight but not signiﬁcant decline in
end-diastolic LV dimensions is suggestive of an exercise-
induced decrease in ventricular ﬁlling, most likely related
to the increase in HR that shortens diastolic ventricular
ﬁlling time. This could explain the decrease in SV at
higher HR.39 Most likely, other factors related to rapidly
changing autonomic input, preload, afterload, contracti-
lity and their complex interrelation also play a role
during the immediate postexercise period.
Quantitative characterization of LV wall motion in
horses has recently been investigated using tissue veloci-
ties by TDI23 as well as strain and strain rate by 2DST.32
The results of the current study showed that Sm and PEP/
ET increased after exercise while ET decreased at higher
HR because of the shortening of the ejection period. The
signiﬁcant increase in Sm is in accordance to studies in
people, indicating an increase in LV systolic performance
during and after exercise.40–43 The signiﬁcant increase in
PEP/ET can be explained with the increase in HR and
the slight but not signiﬁcant decrease in preload (re-
ﬂected by LVIVd).16,44 None of the other TDI variables
changed consistently and signiﬁcantly after exercise.
However, only Sm and Em were identiﬁable in all horses
and throughout all HR, while difﬁculties in identifying
velocity waves at higher HR often precluded the mea-
surement of S1, E1, IVRT, and IMP. The low number of
measurements during isovolumic periods might be re-
sponsible for the inability to detect signiﬁcant changes
after exercise.
Assessment of diastolic LV function is difﬁcult in
horses. While 2DST is considered unreliable for assess-
ment of radial LV diastolic wall motion,32 TDI allows
reliable assessment of diastolic LV wall motion in horses
at rest.23 The results of this study showed that, in agree-
ment with previous studies in people,42,43 both Em and
Am by PW TDI increased after exercise. However, fusion
of Em and Am waves
40,45 was seen at HR120 and HR110
and therefore prevented their measurement in the
majority of horses. Furthermore, Em and Em 1 Am, re-
spectively, exceeded the maximum velocity scale at
higher HR. The value of PW TDI for quantitative stress
echocardiography is therefore highly limited. If to be
used at all, its use should be limited to the measurement
of systolic Sm and PEP/ET. It is unknown if color TDI
(cTDI) would have offered some additional value over
PW TDI. In a previous study in horses, cTDI did not
provide substantial advantages over PW TDI for analysis
Table 5. Indices of left-ventricular systolic and diastolic function using TDI.
Variables Unit Baseline n HR120 n HR110 n HR100 n HR90 n HR80 n
P value
(F-test)
Measured HR min1 35  5 120  2 109  1 99  1 90  1 80  1
Variables of systolic LV function
S1 cm/s 4.9  2.4 5 9.9  0.2 3 8.0  3.6 4 7.4  1.6 4 6.3  1.7 5 5.2  0.7 2 .083
Sm cm/s 12.0  2.0 5 20.8  3.7B,90 4 17.8  3.1B 4 16.3  1.4 4 14.9  3.8 5 15.3  1.2 4 .002
IVCT ms 60  8 5 50  20 3 46  19 4 53  18 4 53  13 5 56  19 2 .072
PEP ms 102  22 5 101  13 4 98  4 4 104  6 4 100  7 5 104  13 4 .970
ET ms 433  28 5 200  26B,80,90 4 234  24B,80 4 249  15B,80 4 274  19B,80 5 329  33B 4 o .001
PEP/ET — 0.24  0.04 5 0.52  0.13B,80,90 4 0.43  0.05B 4 0.42  0.05B 4 0.37  0.05B 5 0.32  0.05 4 o .001
IVCT/ET — 0.14  0.02 5 0.27  0.13 3 0.20  0.06 4 0.21  0.07 4 0.20  0.06 5 0.18  0.06 2 .056
Variables of diastolic LV function and left atrial function
E1 cm/s 7.0  1.8 5 9.7  4.5 3 7.3  3.3 3 7.5  1.8 4 7.1  2.4 5 6.4  1.7 3 .426
Em cm/s 33.7  5.8 5 4 50b 1 4 50b 1 44.0  10.4 3 40.5  2.8 5 38.2  6.4 4 ND
Em1 Am cm/s — — 4 50
b 3 4 50b 3 4 50b 1 — — — — ND
IVRT ms 49  16 5 37  8 3 46  19 3 47  16 4 49  11 5 44  9 3 .459
Am cm/s 12.5  3.6 5 23 1 20.3 1 17.1  6.5 3 16.7  5.8 5 16.9  1.7 3 ND
Em/Am — 2.92  0.92 5 2.20 1 2.50 1 2.69  0.52 3 2.81  1.35 5 2.47  0.39 3 ND
Index of systolic and diastolic LV function
IMP — 0.26  0.01 5 0.47  0.18 3 0.35  0.09 3 0.41  0.11 4 0.38  0.09 5 0.30  0.09 2 .035a
Measurements are reported as mean  SD.
ND, no statistical analyses performed.
B Signiﬁcantly different from baseline (Holm-Sidak posthoc test).
80 Signiﬁcantly different from HR 80 (Holm-Sidak posthoc test).
90 Signiﬁcantly different from HR 90 (Holm-Sidak posthoc test).
aVariable for which the F-test indicated signiﬁcant differences between groups that could not be substantiated by posthoc testing for mul-
tiple comparisons.
bValues exceeding the velocity scale.
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of radial LV wall motion velocities and it was less reli-
able, particularly pertaining to strain and strain rate
analyses.23
Wall motion analysis by 2DST is considered superior
to TDI because of its independence of the angle of inter-
rogation and the ability to assess segmental myocardial
motion in two dimensions simultaneously.24,31,32,46 The
results of this study showed that both eR and eL by 2DST
decreased after exercise. This ﬁnding is in agreement with
the decrease in SV and EF, supporting the contention
that strain is an analog of regional EF and largely reﬂects
changes in SV.25,47,48 The SRRsys and the SRLsys by
2DST as well as the corresponding MWTA FC/EMS by
2DE increased signiﬁcantly after exercise, most likely re-
ﬂecting an increase in regional and global myocardial
contractility.25,47,48 Overall, the results of this study sug-
gest that 2DST derived strain and strain rate are more
sensitive and more reliable than 2DE and TDI measure-
ments for assessment of stress-induced changes in
myocardial function.
Analysis of myocardial motion by 2DST provides in-
teresting insights into the mechanics of LV contraction.
The basal-to-apical gradient seen in DLsys again empha-
sizes the importance of longitudinal LV function,
indicating that during LV systole the apex remains rela-
tively stationary while the atrioventricular plane moves
toward the apex.46,49 The decrease in DRsys and—
except for apical segments—in DLsys postexercise is
consistent with the concurrent drop in eR, eL, SV, and
EF. A partly signiﬁcant, but not very distinct apical-to-
basal eL gradient was seen at rest but not after exercise.
An apical-to-basal decrease in eL has also been shown in
humans,50–52 pigs,53 and goats,54 although in other
studies strain was evenly distributed throughout the
myocardium.46 Assessment of teL indicated that, in
agreement with recently published ﬁndings in people,51
the peak eL occurred signiﬁcantly earlier in the apex
compared with mid septal and basal septal segments.
This ﬁnding is likely related to the fact that in mamma-
lian hearts, electrical activation of the ventricles begins
near the apical septum and spreads rapidly toward the
base.53–56 Independent of HR, the SRLsys was highest in
the apical septal segment compared with all other seg-
ments, suggesting a slight apical-to-basal SRLsys
gradient, similar to ﬁndings in pigs53 and goats.54 Con-
versely, studies in people did not show signiﬁcant
differences in SRLsys between segments.
46,52
Evaluation of regional ventricular function can pro-
vide important diagnostic and prognostic information on
human patients with coronary artery disease,24,25,27 but
the clinical relevance of regional wall motion analysis in
horses is unknown. Therefore, there is a need to investi-
gate novel echocardiographic methods to better quantify
myocardial wall motion abnormalities that could
be suggestive of occult myocardial disorders. Echocar-
diographic assessment of regional myocardial function
has traditionally been achieved by combining visual anal-
ysis of endocardial motion with the measurement of
wall thickening and thinning from 2D images.17–19 Wall
motion can also be evaluated semiquantitatively by gen-
eration of a wall motion score index.19 However, these
methods are largely subjective.57 The low interobserver
agreement58,59 and the potential for failure to identify
areas of subtle abnormalities make these methods rela-
tively inaccurate and unreliable.
Ischemic regions are characterized by a decrease in
systolic velocities,40,41,60 a decrease in systolic strain and
strain rate,61,62 and a delayed onset of relaxation.63 The
2DST technology provides an objective way to identify
hypokinetic and akinetic myocardial segments and to
quantify the degree of wall motion anomalies.24,30,31
However, to our knowledge there are no established cut-
off values to differentiate normokinetic from hypokinetic
and akinetic segments. The deﬁnition we used in this
study was chosen based on a human study using MRI as
the gold standard for identiﬁcation of hypokinesia and
akinesia.33 By our deﬁnition, a relatively large number of
segments were judged as being hypokinetic. All 5 horses
were affected, but none of the segments was consistently
judged as being hypokinetic on all 3 recordings. In our
opinion, the high number of hypokinetic segments de-
tected in this population of healthy athletic horses is
likely to be a result of artifacts related to the image qual-
ity or to the tracking algorithm rather than true,
clinically relevant hypokinesia. We propose that hypo-
kinesia should only be diagnosed when the same segment
is judged as being hypokinetic in all 3 recordings of the
same HR and when the affected segment is the same
throughout the postexercise period.
Although stress echocardiography is commonly used
to detect ventricular dyssynchrony in people, there is cur-
rently no single index that is considered optimal for
assessment of dyssynchrony.64 Evaluation of dyssyn-
chrony by 2DST can be achieved by visual assessment
of the graphical display of segmental myocardial motion
and by calculating a variety of synchrony indices.32,65,66
In this study, we assessed synchrony based on SVA of the
trace display as well as by using different percentiles of all
calculated STIeR as cut-off values.
32 Although not for-
mally tested, agreement between SVA and the more
objective percentile-based method was obviously poor.
Some of the recordings that were judged as dyssynchro-
nous when using a cut-off value higher than the 75 and
the 90% percentile, respectively, were judged as synchro-
nous by SVA. Based on these results and the previously
reported poor reliability of the STIeR,
32 we cannot rec-
ommend the use of the STIeR as a single index of
myocardial dyssynchrony in horses.
Further studies in a larger population including
healthy horses and horses with myocardial disease will
be necessary to elaborate a clinically applicable and ob-
jective deﬁnition for hypokinesia and akinesia and to
investigate the best diagnostic approach to detect ven-
tricular dyssynchrony on horses. In any case, subjective
conﬁrmation of adequate tracking by the observer and
SVA of the 2DST trace display will likely remain impor-
tant in the assessment of regional wall motion
abnormalities in horses.
We were able to show that some of the echocardio-
graphic indices of LV function obtained within the ﬁrst 5
minutes after high-speed treadmill exercise are highly
variable and largely depend on HR. Sandersen et al9
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showed that most of the linear M-mode variables of LV
size and function measured during stress echocardiogra-
phy did not differ signiﬁcantly from baseline at HR
below 100minute1. These ﬁndings are in agreement
with the results of this study in healthy horses, demon-
strating that all of the potentially useful indices of LV
systolic function, in particular eR, eL, SRRsys, and
SRLsys as well as MWTA FC/EMS, Sm, and PEP/ET,
showed consistent and signiﬁcant increases compared
with baseline at HR above 100minute1. Whether horses
with stress-induced myocardial dysfunction show abnor-
malities in a wider range of HR will have to be
investigated in future studies. In any case, the results sug-
gest that the instantaneous HR needs to be considered
when assessing quantitative stress echocardiographic
measurements in individual horses.
The relatively small study population certainly needs
to be listed as a limitation of this study, especially be-
cause values for higher HR could not be obtained in 1
horse. However, it was not possible to recruit a larger
number of healthy horses in athletic condition that
would have been allowed to undergo 3 consecutive exer-
cise tests within a reasonable time frame. Nonetheless,
the data still allowed identifying a number of echocar-
diographic indices that might prove useful for
quantitative assessment of stress echocardiograms in
horses.
Although the results were interpreted and discussed all
together, it needs to be emphasized that the SAX 2DE
recordings, the LAX 2DE recordings, and the TDI re-
cordings were acquired on 3 separate occasions. This
may be considered a 2nd limitation of the study. How-
ever, the goal of this study was to observe changes over
time in a variety of echocardiographic indices postexer-
cise and to relate the measurements to HR. In order to
acquire complete datasets for each view and for each
echocardiographic modality, including a minimum of 3
cardiac cycles at each target HR, it was necessary to ob-
tain the recordings on 3 separate occasions.
Further limitations are of technical nature. Acquisi-
tion and analysis of high-quality recordings require
extensive operator training as well as high-end echocar-
diographic equipment with digital raw-data storage and
off-line postprocessing capabilities. On postexercise re-
cordings, excessive translational motion of the heart,
poor acoustic coupling, and a variety of artifacts some-
times prevent accurate identiﬁcation of the myocardial
border, particularly on the apex and on the septal base in
the LAX plane. Generally, 2DST analysis of LAX
recordings was more difﬁcult than analyzing SAX images,
and achieving adequate tracking of LAX recordings
often required several attempts or was not possible (leading
to exclusion of segments from further analyses), whereas
tracking of SAX segments mostly was adequate at the
ﬁrst try. In rare cases, end-systolic tracking appeared
slightly inaccurate, although the software approved the
quality of the tracking. This might have been related to
the rather low frame rate that was insufﬁcient to resolve
the high maximum wall motion velocities occurring at
high HR in some segments. Theoretically, this phenom-
enon may lead to an underestimation of peak-systolic
strain, strain rate, or displacement. However, because of
the low number of affected segments, we do not antici-
pate a signiﬁcant inﬂuence on the ﬁnal results.
In conclusion, we were able to show that stress echo-
cardiographic recordings can be quantitatively analyzed
by conventional 2DE as well as novel 2DST methods.
Volumetric estimates of SV and EF by 2DE,MWTA FC/
EMS by 2DE, as well as radial and longitudinal strain
and strain rate by 2DST can be useful for quantitative
stress-echocardiographic assessment of global and re-
gional LV systolic function in horses, whereas linear and
most area-based 2DE indices do not allow detecting sig-
niﬁcant and consistent stress-induced changes in LV
function. Pulsed-wave TDI provides little additional in-
formation and its use is limited by poor image quality
and unreliable identiﬁcation of velocity waves at high
HR. The results of this study further indicate that quan-
titative echocardiographic indices of LV function must
be evaluated in view of the instantaneous HR. The de-
tection of stress-induced hypokinesia, akinesia, and
dyssynchrony in diseased horses requires additional in-
vestigations.
The results of this study provide a sound basis for fu-
ture investigations into the clinical value of stress
echocardiography in horses. It remains to be shown in a
larger study population which of the echocardiographic
indices will be clinically useful for quantitative assess-
ment of LV function during stress echocardiography in
horses with cardiac disease.
Footnotes
a EchoPAC Software Version 6.1.2, GE Medical Systems, Milwau-
kee WI
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dM4S Phased Array Transducer, GE Medical Systems
eMicrosoft Ofﬁce Excel 2003, Microsoft Corporation, Redmond,
WA
f SigmaStat v3.5, SPSS Inc, Chicago, IL
gGraphPad Prism v5.00 for Windows, GraphPad Software, San
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